ABSTRACT
Introduction
PVDF, poly(vinylidene fluoride), is a widely investigated polymer due to its excellent mechanical properties, chemical stability and ferroelectricity. This polymer has a simple chemical formula, -CH 2 -CF 2 -, and may crystallize in at least four crystalline phases known as α, β, γ and δ. The structure and property of these phases are well documented in the literature [1] . Each crystalline phase confers characteristic properties to the polymer and therefore distinct applications. The β phase is that which displays the strongest pyro and piezoelectric activities and is therefore technologically more interesting. Many techniques have been used to obtain this phase, being the most common uni or biaxial drawing of originally α phase films [2] [3] [4] [5] [6] . Crystallization of PVDF from solution (casting) may also result in the  phase, depending on the evaporation rate of the solvent [7] [8] [9] . Low rates result predominantly in the  phase, whereas high rates favor the  phase. Electrospinning [10, 11] also produces predominantly the  phase [12] [13] [14] [15] [16] [17] [18] . In this technique the polymer solution is added to a capillary (which can be a syringe with needle). The solution forms a droplet at the tip of the needle due to surface tension. If a sufficiently high electric voltage (5-30 kV) is applied to the solution electric charges accumulate in the droplet. When the electrostatic repulsion between the charges overcomes the surface tension and viscoelasticity of the droplet this assumes the shape of a cone. When the force exerted by the electric field, formed between the droplet and a grounded collector, overcomes the surface tension, a thin jet is formed. The jet of the charged solution is accelerated towards the collector under the action of the electric field. If the concentration of the solution is sufficiently high (viscous) to stabilize the jet, the polymer solution is severely stretched and the solvent evaporates to form ultrathin fibers which solidify and are deposited on the collector forming a non-woven mesh of fibers. Some authors [13] [14] [15] [16] [17] attribute the formation of β phase in electrospun PVDF meshes to this severe drawing ex-perienced by the polymer jet solution. This elongation process would be similar to the well known  transition caused by mechanical drawing at T  90℃ [2] [3] [4] [5] [6] .
A variant of electrospinning is electrospray [19] . The basic difference between these two processes lies in the concentration of the solution. In electrospray the concentration is sufficiently low to destabilize the charged jet which then breaks down into small spherical droplets that solidify during the course and are deposited on the collector. In this case the polymer solution does not experience severe drawing and the formed film consists of small droplets instead of fibers.
The objectives of the current investigation were: 1) determine the solution concentration at which the transition between electrospray and electrospinning of PVDF occurs and 2) verify through the electrospray technique, where no stretching occurs, that the formation of the  phase depends fundamentally on the solvent evaporation rate. The effect of the type of solvent in the process was also verified.
Experimental Methods

Materials
The PVDF used was Foraflon ® 4000HD, from Elf Atochem. The solvents used were N,N-dimethylformamide (DMF, Merck 99.5%) and acetone (Merck, 99.7%). Solutions were prepared at concentrations of 5, 7, 10 and 15 wt% PVDF using as solvent pure DMF and a 3:1 v/v mixture of DMF with acetone. The ratio of mixture DMF and acetone was selected because they produce thinner and more homogeneous nanofibers in the electrospinning process [13] . Solubilization was carried out at 70℃ under stirring for one hour. Table 1 shows some properties of the solvents used.
Electrospray/Electrospinning
A scheme of the system used in the electrospray/electrospinning process is shown in Figure 1 . A 20-mL glass syringe was used with a steel needle with internal diameter of 0.7 mm. The distance between needle and collector was 3 cm and the electric voltage applied was 10 kV, using a Bertan 210 30R (0-30 kV) high voltage source. The collector used was an aluminum disk with diameter of 15 cm and width of 5 cm, at an angular velocity of 60 rpm. The process was carried out at 25℃ and RH  55%.
Characterizations
The crystalline phases present in the samples were characterized by transmission infrared spectroscopy (FTIR, Perkin Elmer Spectrum 1000) in the range between 400 and 1000 cm -1 and with resolution of 2 cm -1 . Calorimetric analyses were conducted in a Perkin Elmer DSC-7, cali- brated with In, using samples of 8 mg and heating rate of 10℃/min. Degree of crystallinity was determined by comparing the enthalpy of fusion of the sample obtained by DSC with that of 100% crystalline PVDF- (104.5 J/g) [20] . Sample surface morphology was observed by using a scanning electron microscope (Philips 30 FEG Model XL, operating at 15 kV) after gold coating. Size distribution of the fibers diameters was determined by the software "image J" developed by the National Institute of Health.
Results and Discussions
The micrographs in Figures 2(a) to (d) and 3(a) to (d) present the morphology of the samples processed with PVDF/DMF and PVDF/DMF/acetone solutions at different concentrations, respectively. One can observe in Figures 2(a) -(b) (5 and 7 wt% in DMF) and 3(a) (5 wt% in DMF/acetone) the formation of a film consisting of small droplets, characteristic of the electrospray process. The morphology of this film depends among other things on droplet volume at impact and on evaporation rate of the solvent [21] . In Figures  2(c)-(d) (10, 15 wt% in DMF) and 3(b)-(d) (7, 10 and 15 wt% in DMF/acetone) fibers predominate, characteristic of electrospinning. In micrographs 2(c) (10 wt% in DMF) and 3(b) (7 wt% in DMF/acetone) the electrospun sheets present some small droplets, demonstrating that concentration was not yet ideal for the formation of homogeneous fibers. These results show that the boundary concentration between electrospray and electrospinning ranges from 7 to10 wt% PVDF in DMF and from 5 to 7 wt% in DMF/acetone mixture, at the conditions used of voltage and distance between needle and collector. The solution containing acetone is less viscous than that of pure DMF and therefore the electrospinning process should be initiated at a higher concentration. However, the high volatility of acetone increased the jet concentration rapidly during its course towards the collector, impeding formation of droplets and resulting in electrospinning at a lower initial concentration. Average diameter of the nanofibers prepared from DMF solution (514 nm) were superior to that obtained from DMF/acetone solution (330 nm), at the same concentration. This has been caused by the lower viscosity of the acetone solution, since average fiber diameter increases with solution viscosity [12] . That effect can be observed in Figures 2(c)-(d) and 3(b)-(d) .
The phases present in the samples were analyzed by FTIR and results are presented in Figures 6 and 7 for DMF and DMF/acetone solutions at different concentrations, respectively.
All samples presented bands at 445, 510 and 840 cm -1 , characteristic of the  phase of PVDF [22, 23] . Therefore, the β phase predominated both in the electrosprayed films and the electrospun meshes. Since no stretching occurred during electrospray, we may conclude that for mation of this phase can not be attributed to drawing experienced by the polymer during the process. The occurrence of weak bands at 614, 764 and 976 cm -1 indicate the presence of a small amount of the  phase [22, 23] , observed at concentrations of 5 to 10 wt% in DMF/acetone solution. In the solution containing pure DMF the presence of the  phase was only observed for 5 wt%. Since solvent evaporation rate increases with decreasing concentration of the solution, appearance of this phase may be related to the higher solvent evaporation rate in low-concentration solutions. The evaporation rate of the solutions containing acetone increased in relation to those containing pure DMF, since acetone has a lower evaporation temperature, and this resulted in the formation of a small amount of  in almost all concentrations. Thus, the formation of the β phase in the electrospinning/electrospray process is related mainly to the solvent evaporation rate, as verified in cast films [8, 9] , and not to drawing experienced by the polymer during the electro-spinning process, as suggested by some authors [13] [14] [15] [16] [17] . Low evaporation rates result predominantly in the  phase, thermodynamically more favorable, intermediate rates in a mixture of  and  and high rates in the  phase, kinetically more favorable. Figure 8 shows DSC curves for samples prepared with 5 and 10 wt% PVDF in DMF and DMF/acetone. The DSC measurements give the melting point (T m ) (endotherm peak), enthalpy of fusion (H), and degree of crystallinity (%C) of samples. These values are summarized in Table 2 .
It is easy to observe that meshes produced by electrospinning display a degree of crystallinity higher when compared to films obtained by electrospray. This result probably happens due to the preferential orientation of the chains in the direction of the nanofibers, caused by the drawing experienced by the polymer during the electrospinning and that facilitates the crystallization. In this process the addition of acetone promoted a small increase in the degree of the mesh crystallinity. The melting points, in all cases correspond to the temperature range related to the PVDF α and β phases [7, 23] , which confirm FTIR results.
Conclusions
The current investigation showed that formation of the β crystalline phase of PVDF in the electrospun meshes is not related to drawing experienced by the polymer during the process, as suggested by some authors. Formation of the  and  phase is related primarily to the evaporation rate of the solvent. High rates favor formation of the  phase, whereas low rates favor the  phase. Under the same conditions of voltage and needle-collector distance, the boundary concentration between electrospray and electrospinning depends on the solvent used. For PVDF this concentration lies between 7 and 10 wt% with DMF as solvent and between 5 and 7 wt% for the 3:1 DMF/ acetone mixture. Moreover, addition of acetone to the solution reduced average fiber diameter. Meshes produced by electrospinning present degree of crystallinity higher than the films obtained by electrospray, for both used solvents.
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